In Press. Ultrastructural and geochemical characterization of Archean-Paleoproterozoic graphite particles: Implications for recognizing traces of life in highly metamorphosed rocks. Astrobiology vol. x(no. x): pp. xxx-xxx.
Introduction
When one observes the early record of life, it quickly becomes apparent that two distinct and incongruent stories are documented: Proterozoic (2.5-0.542 Ga) fossils are abundant and widely accepted whereas Archean (3.8-2.5 Ga) body fossils are few and controversial. Proterozoic acritarchs (polyphyletic group of organic-walled vesicular microfossils) have been recovered from relatively unmetamorphosed cherts and shales, and they provide a great deal of information about the evolution of early cellular life 1 . Some Proterozoic acritarchs, such as those recovered from the ~1.5 Ga Ruyang and Roper Groups 2 , have been interpreted as among the earliest representatives of eukaryotic life in the fossil record. Paleontologists have also been able to identify evolutionary patterns, including both taxonomic diversity and morphological disparity patterns, from the fossil record of Proterozoic acritarchs 1, 3 . In contrast, the Archean fossil record is based upon a limited number of often controversial microfossils, biologically-mediated sedimentary structures, and isotopic biosignatures. Filamentous structures from ~3.5 Ga low metamorphic grade cherts in Australia have been interpreted as bacterial fossils 4 or as carbonaceous structures shaped by crystal growth 5 , although less controversial microfossils have been known from Neoarchean (or late Archean, 2.8-2.5 Ga) rocks 6 . Similarly, stromatolitic forms have been interpreted as structures produced by either physiochemical or biological processes 7 . Even more controversial are isotopically light graphite particles from ~3.8 Ga amphibolite metamorphic grade banded iron-formations of West Greenland, which have been interpreted as products of early biological activity 8, 9 or as metasomatic products of siderite decomposition under high temperature and pressure [10] [11] [12] [13] . Adding to the controversy is laboratory demonstration that abiotic pathways such as siderite decomposition and FischerTropsch-type synthesis from CO 2 -CH 4 fluids catalyzed by iron may lead to the formation of carbonaceous compounds depleted in 13 C 11, 14, 15 . Thus, the above mentioned complications necessitate a great deal of caution to be implemented and demand multiple lines of evidence (morphological, ultrastructural, and geochemical) to be sought during the interpretation and falsification of late Archean and early Paleoproterozoic (2.5-1.6 Ga) biosignatures.
In addition to the controversies surrounding the geobiological evidence of early life, the study of Archean life is also limited by the predominance of high metamorphic grade rocks. It is traditionally accepted that high grade metamorphism is detrimental to morphological fossil preservation. Accordingly, Archean microfossils with recognizable biological morphologies have been reported only from low grade metacherts 6, 16 . However, recent studies of Precambrian and Phanerozoic rocks have shown that bona fide filamentous bacteria, organic-walled microfossils (e.g., leiospheres, acanthomorphic acritarchs, and chitinozoans), and possible paraconodonts can be preserved in greenschist grade metamorphic rocks 17 , greenschist-amphibolite grade rocks 18 , and gneisses 19 . These recent developments prompt us to explore highly metamorphosed rocks of the late Archean-early Paleoproterozoic Wutai Metamorphic Complex in the Wutaishan area of North China, using a combination of light microscopy, electron microscopy, Raman spectroscopy, and ion microprobe techniques. The immediate goal of this study is to characterize the morphological, ultrastructural, and geochemical features of the carbonaceous material recovered from the Wutai Metamorphic Complex. Our study recovered abundant graphite particles that occur in amphibolite grade quartzites of the Wutai Metamorphic Complex in the Wutaishan area of North China. Raman spectroscopy suggests that these graphite particles are indigenous to the host rock. Most graphite particles are irregular in shape and show hexagonal broken edges, but a distinct population of graphite particles can be characterized as circular discs with marginal folds and surficial wrinkles. Although the morphology of these graphite discs must have been overprinted by fragmentation, crystal growth, and other abiotic processes, the presence of marginal folds and surficial wrinkles on circular discs seems to suggest that they may represent deflated, compressed, and subsequently graphitized organic-walled vesicles. Transmission electron microscopy shows that they appear to consist of two graphitized layers separated by an electrondense material trapped in between. Isotopic analysis of bulk carbonaceous material gave a carbon isotope value of -21.3‰, but ion probe analysis of individual graphite particles gave a range of carbon isotope values between -7.4‰ and -35.9‰, with an average of -20.3‰. At the present, the morphological, ultrastructural, and geochemical evidence for a biological origin is still equivocal, but this study represents a first attempt to characterize carbonaceous material from highly metamorphosed Archean-early Paleoproterozoic rocks using a combination of analytical tools.
Geological Setting The Wutai Metamorphic Complex is located between the Fuping and Hengshan metamorphic complexes, which together compose the middle segment of the Trans-North China Orogen and constitute the Hengshan-Wutai-Fuping mountain belt. The Trans-North China Orogen is a narrow NE-SW zone, also known as the Central Zone, which separates the Eastern and Western blocks of the North China Craton (Fig. 1A) . 21 . On the basis of metamorphic facies and geological mapping, the volcanicsedimentary package of the Wutai Metamorphic Complex has been classified as the Wutai Group (Fig.  1B) , which is subdivided into eight formations 20 . The lower Wutai Group consists mainly of amphibolite, orthogneiss, and metasedimentary rocks including banded iron-formation and quartzite metamorphosed to lower amphibolite facies. Petrographic study indicates that the lower Wutai Group was heated to a maximum temperature of 600-650°C and buried to a maximum pressure of 10-12 kbar 22 . The middle Wutai Group is composed of greenschist facies tholeiites and felsic volcanics. The upper Wutai Group consists of greenschist to subgreenschist facies metasediments and metavolcanics. The Wutai Metamorphic Complex is unconformably overlain by the Hutuo group, which is comprised of subgreenschist facies metasediments and minor mafic volcanics, including quartzites, slates, and metabasalts.
Our samples were collected from a 10-30 cm thick bed of carbonaceous quartzite (Fig. 2C ) in a geological unit mapped as the Jingangku Formation of the Wutai Group, near the village of Shentangpu (39°07.386'N, 113°55.223'E; Fig. 2A ). The Jingangku Formation consists of ultramafic volcanics, amphibolite, ironformation (Fig. 2B) , volcanogenic massive sulfide deposit, and metasedimentary rocks including micaschist, calc-silicate, and quartzite 20, 21 . The metavolcanics are interpreted as "remnants of oceanic crust", whereas the metasedimentary rocks as "stable continental margin sediments" 21 . Some geologists 23 have argued that the geological unit mapped as the Jingangku Formation may entirely or partly belong to the Hutuo Group. Because the Wutai Complex can interfinger with the younger, less severely metamorphosed Hutuo Group in the Wutaishan area 24 , extreme care has been taken to ensure that our collected samples belong to the Jingangku Formation of the Wutai Complex. Our sampling locality is ca. 25 km northeast of the Wutai-Hutuo interfingering zone 24 . In addition, our sample locale was in close association with amphibolite and banded iron-formation (Fig. 2B) , which are characteristic lithologies of the Jingangku Formation of the Wutai Complex, but not characteristic of the Hutuo Group. Furthermore, Raman geothermometery of isolated graphite and petrographic analysis of our samples show that they are more akin to the amphibolite grade metamorphism of the Wutai Complex, but inconsistent with the greenschist grade metamorphism of the Hutuo Group in eastern Wutaishan area 20 , where our samples were collected.
More importantly, samples from the Jingangku Formation near our sampling locality yielded a 2508 ± 2 Ma U-Pb age that is interpreted to date the peak metamorphism of the Jingangku Formation 25 . Pyrite from the Jingangku Formation also yields 33 S anomalies 26 , which are consistent with its Archean age, because 33 S anomalies are not known in geological samples younger than ~2.4 Ga 27 . Therefore, our samples likely belong to the Jingangku Formation of the Wutai Complex, rather than any stratigraphic units Methods Standard petrographic thin sections were constructed from the Jingangku carbonaceous quartzite samples, and were examined under a microscope using both plain and polarized light. In thin sections, quartz clasts are set in fine-grained matrix. Graphite particles occur in both matrix and clasts ( Fig. 3A-H) , confirming their indigenicity.
To extract graphite particles, ~30-50 g rock chips were immersed in concentrated hydrochloric acid and then 48-51% hydrofluoric acid for a week. Carbonaceous residue (Fig. 3I ), including abundant graphite particles, was recovered from acid maceration. The carbonaceous nature of extracted graphite particles were confirmed by elemental mapping (Fig. 3J-N) and electron microprobe analysis. To further verify the indigenicity of graphite particles, we used Raman spectroscopy to estimate their peak metamorphic temperature, following the method described in Beyssac et al. 28 . Raman microprobe analyses were carried out on both in-situ graphite particles (eight specimens within matrix; eight specimens within clasts) and extracted, subcircular to circular graphite discs (12 specimens). To test whether the orientation of in-situ graphite particles had any effect on Raman microprobe analysis, Raman spectra of the same particle were collected with the thin section rotated at 0°, 90°, 180°, and 270°.
Extracted graphite particles were examined under a light microscope, and circular to sub-circular graphite discs were manually removed from carbonaceous residue for electron microscopy analyses, including scanning electron microscopy (SEM), field emission scanning electron microscopy (FE-SEM), and transmission electron microscopy (TEM) (Fig. 4) . Additional analyses included electron microprobe and elemental mapping analyses.
Carbon isotopes of bulk carbonaceous material (i.e. acid macerates) were analyzed using conventional combustion method. Eleven δ 13 C measurements were conducted on five specimens. The primary Cs + beam intensity was 0.5 nA and was focused down to a 20-25 μm spot, which allowed for multiple analyses of the same individual.
Results Petrographic analysis of the sampled Jingangku carbonaceous quartzite shows strong brecciation, with angular mm-to cm-sized rock fragments set in finergrained, carbonaceous matrix (Fig. 3A-B) . The rock fragments (or clasts) are not elongated or preferentially oriented, and they themselves consist of randomly oriented sand-to silt-size quartz minerals (Fig. 3A-D) , as well as minor carbonate minerals. Most quartz grains show undulose extinction (Fig. 3D) , indicating modification of optical axes by metamorphic stress. The composite clasts require at least two generations of fragmentation; the more recent fragmentation was probably tectonic brecciation because of the strong angularity, whereas the earlier one appears to be sedimentary because of the moderate level of sorting.
Our samples are moderately carbonaceous (two measurements of 0.72% and 1.06% TOC weight percentage determined by combustion analyses of randomly crushed samples). Carbonaceous material consists mostly of graphite particles. Their indigenicity and graphite nature have been verified by thin section petrographic observations (Fig. 3A-H) , elemental mapping (Fig 3J-N) , electron and Raman microprobe analyses, and scanning electron microscopy ( Fig. 4C -R, 4U-V). Graphite particles occur abundantly in the matrix between clasts (Fig. 3A-D) , but less abundantly within clasts (Fig. 3E-H) . Some clast-hosted graphite particles are circular to elliptical (Fig. 3E-H ), but the morphology of matrix graphite is difficult to resolve under petrographic microscope because of the high concentration and the opacity of carbonaceous material in the matrix.
In-situ Raman microprobe analyses of matrix graphite show highly variable spectra (eight spectra collected), often with a disordered D band greater than or comparable to the graphite G band. On the other hand, in-situ Raman spectra of clast-hosted graphite (eight spectra collected) are more consistent, illustrating a strong G band and a weak D band. In-situ samples were rotated 360°, with Raman spectra collected at each 90° interval; only minor changes occur in the G and D band intensity, and slightly more so in S band intensity. Overall, all in-situ Raman spectra have a relatively strong G band, suggesting a high degree of graphite crystallinity 29 , although the minor difference between matrix graphite and clast-hosted graphite may be indicative of their different origins.
Some graphite particles are circular (Fig. 4C-U) , and we term these particles graphite discs. Raman spectra of extracted graphite discs are highly consistent, comparable to those of clast-hosted graphite particles. Application of the graphite Raman geothermometer [28] [29] [30] to the these spectra suggests that these graphite discs experienced peak metamorphic temperature of 513 ± 50 °C (n = 12), broadly consistent with the amphibolite grade of the host rock, but slightly lower than the 600-650 °C temperature estimate based on mineral association 22 . Therefore, the carbonaceous precursors of these graphite discs were likely in place before or during the amphibolite metamorphism.
When observed via scanning electron microscopy, the extracted graphite particles are mostly irregularly shaped, with some discs (Fig. 4C-Q) and rare filaments ( Fig. 4B) . The filaments, ca. 1.5 μm in width and tens of μm in length, preserve no evidence for septation. The discs, averaging about 60 μm in diameter (20-220 μm, s.d. = 31 μm, n = 270) and 1-3 μm in thickness (Fig.  4N, 4S-T) , are circular, ovate, and slightly elliptical in morphology, and they consist of graphite sheets ( Fig.  4N-P) . These discs and filaments are broadly similar in morphology to the acritarchs and filaments from the overlying Paleoproterozoic Hutuo Group in the same geographic region 31 . However, the Hutuo discs and filaments are poorly characterized, and thus, at present, quantitative morphological comparisons can not be ascertained. Many specimens bear concentric ( Fig. 4C-E) or crescentic ( Fig. 4F-G, 4Q ) marginal folds, with isoclinal ( Fig. 4F-G, 4L-M) or anticlinal ( Fig. 4C-E) slopes. Some folds show plunging termination into the surface of the disc (arrow in Fig. 4D ). Concentric and crescentic folds do not occur in the center of these discs, which is either flat (Fig. 4C, 4E-F covered with irregularly arranged, fine wrinkles ( Fig.  4H-J) . The folds and wrinkles can be distinguished, on the basis of electron shadows in SEM observations using the secondary electron detector, from steps and kinks resulting from termination or dislocation of graphite sheets. At extremely high magnification, the graphite discs are characterized by nanoscale (10-100 nm) ridges and pores. The nanoridges bifurcate and anastomose (Fig. 4R) , and their significance is obscure. The nanopores, when viewed with the backscatter detector, appear to be filled with an unidentified material that has an average atomic number greater than graphite (Fig. 4U ). Similar nanopores (Fig. 4V) , although an order of magnitude smaller in size, have been found in the vesicle walls of the Mesoproterozoic acritarch Dictyosphaera delicata, and are filled with aluminum phosphate minerals 32 . Transmission electron microscopy shows that some discs appear to consist of two sets of graphite sheets, with a thin layer of electron dense material between the sets (Fig. 4T) . This is consistent with SEM observation of the naturally broken edge of a graphite disc (Fig.  4N) ; although in the latter specimen the two sets of graphite sheets are separated by a narrow gap.
Some morphological aspects of the graphite discs-and most of the irregular graphite particlesreflect graphite crystallization, overgrowth, inelastic deformation, and fragmentation. For example, the thickness of the discs may be variable due to graphite overgrowth (Fig. 4Q) . The graphite discs may become somewhat sub-rounded, subhedral, or angular (Fig. 4H,  4L , 4P-Q), rather than curvilinear (Fig. 4C-G) . The termination or dislocation of graphite sheets may form steps (arrow in Fig. 4P ). A few specimens show very sharp bending (long arrow in Fig. 4O ), kinking (short arrow in Fig. 4O ), fracturing (long arrow in Fig. 4L ), and fragmentation (arrows in Fig. 4H, 4K ). Some discs consist of two distinct sets of graphite sheets, separated by a gap of <1 μm (Fig. 4N) ; this gap may result from physical separation along tabular cleavages. Features similar to these have been reported from metamorphic graphites from Grenville marbles and interpreted as overgrowth and deformation features 33 . Five extracted graphite discs were analyzed for carbon isotopic signatures. The results are intriguing but inconclusive. In most cases, multiple analyzed spots on the same individual disc showed low variability of δ 13 C values (2-3‰, three specimens), but the other specimens demonstrate greater intraspecimen variability (7-9‰, two specimens). Additionally, the range of values between different individuals spanned from -7.3 to -35.8‰. The mean δ 13 C value of all ion probe measurements (-20.3‰) is similar to the -21.3‰ value determined by standard techniques for bulk kerogen.
Discussion
Graphite particles are common in Archean and younger metamorphic rocks, such as marbles, schists, and gneisses 12, [34] [35] [36] . Typically, metamorphic graphite is found in a few varying forms: well-developed crystals 37 , deformed crystals 33 , crystals with microtopographic growth spirals 36 , crystals within graphite veins (along with many other minerals including quartz, sillimanite, ilmenite, and muscovite) 38 , and in spheroidal or spherule aggregates 39 . Based on isotopic studies and Raman analyses in conjunction with high resolution transmission electron microscopy, it has been suggested that syngenetic graphite can form within metasedimentary rocks during metamorphic heating from the progressive crystallization of organic carbon within precursor sediments, whereby the original carbonaceous material becomes ordered into crystalline graphite 29, 40 . Alternatively, some graphite forms are more likely to have formed by carbon precipitation from carbon-rich fluids 38, 41 , by siderite decomposition [10] [11] [12] , or by FischerTropsch precipitation from CO 2 -CH 4 fluids 14, 15 . Thus, the question arises whether the Jingangku Formation graphite discs, characterized by such morphological features as marginal concentric folds, fine surficial wrinkles, and complex nanoridge and nanoporous structures, could have been morphologically shaped by metamorphic processes. If the circular morphology and concentric folds of these discs can be produced by metamorphism alone, then similar morphologies should be observed in other metamorphic graphite particles as well. However, to the best of our knowledge, no other graphite crystals have been shown to have similar morphological features that so distinctively characterize the Jingangku graphite discs 12, [33] [34] [35] [36] [37] 39 . Instead those graphite particles occur as interstitial crystals or inclusions in the common forms mentioned above, and their morphologies are probably unrelated to biology, although their ultimate carbon source may or may not be biological 8, 10, 12 . Thus, it seems as though the morphology, micro-, and nano-scale structures of the Jingangku graphite discs cannot be accounted for by metamorphism alone.
The curvilinear margin of some Jingangku graphite discs is also difficult to account for by metamorphism alone. Abiotic precipitation of graphite is expected to produce hexagonal crystals. Such crystals may be deformed during metamorphism, but circular discs with concentric folds are not to be expected. If the Jingangku graphite discs were derived from amorphous kerogen, graphite overgrowth during metamorphism should reduce rather than enhance the marginal curvilinearity, and concentric folds are not to be expected either. One may argue that gliding of graphite sheets in a directed stress environment could seemingly form crescentic 33 ; e.g., Fig. 4O ] and the disc center should show shearing in the same direction and magnitude as the margin. Additionally, bending or gliding of graphite sheets is not expected to generate regular concentric marginal folds.
Our inability to account for all morphologies of the Jingangku graphite discs by metamorphic processes alone compels us to consider other alternative interpretations. Is it possible that the Jingangku discs and filaments are graphitized biological structures? In this alternative interpretation, the filaments may represent filamentous bacteria, and the discs could represent originally spheroidal vesicles with a recalcitrant organic wall that were then deflated, flattened, and graphitized during compaction, diagenesis, and metamorphism. Their circular to ovate shape, marginal concentric folds, and surficial wrinkles are expected morphologies during the compression and elastic deformation of organic-walled vesicles; these features are commonly observed in compressed organic-walled microfossils in Proterozoic rocks 42 . Further, the nanoporous structures are similar to those found in Mesoproterozoic acritarchs, i.e. Dictyosphaera delicata 32 . In addition, the gap between two sets of graphite sheets in some specimens (Fig. 4N ), conservatively interpreted above as related to physical separation along tabular cleavages, may be alternatively interpreted as a gap between two compressed vesicle walls. Moreover, TEM observations show that some specimens have an electron-dense central layer (Fig.  4T ), rather than a gap; this layer cannot be interpreted as cleavage separation but may represent material trapped within the compressed vesicle. Thus, we tentatively conclude that the graphite discs from the Jingangku Formation may represent deflated, flattened, and graphitized vesicles similar to acritarchs from younger rocks. Conclusions • Key morphological features suggest biogenicity Important features such as circular morphology, marginal folds, fine wrinkles, and trapped materials may have resulted from early diagenetic compression of spheroidal vesicles. Although these morphological features must have been altered during metamorphism and graphitization, hints of their presence may still be preservable in a fraction of the Jingangku graphite discs. Indeed, laboratory experiments demonstrate that Mesoproterozoic organic-walled microfossils (such as Dictyosphaera delicata and Shuiyousphaeridium macroreticulatum) heated within the hosting rock to 500 °C over periods of up to 250 days show signs of graphitization while retaining such features as discoidal morphology and concentric folds 43 .
• Geochemical evidence inconclusive but consistent with biogenicity A biological interpretation on the basis of morphological features described above implies that the ultimate carbon source of the Jingangku graphite discs must be biological as well. Carbonaceous material isolated from one of our samples has a bulk δ 13 C value of -21.3‰, as determined by conventional combustion methods. Individual discs, measured using an ion microprobe 32 , show a wide range of δ
13
C values from -7.4‰ to -35.9‰ (mean = -20.3‰; n = 11). Three of the individually analyzed graphite discs showed low variability (<3‰) of δ 13 C values, but the other two specimens demonstrated much higher intraspecimen variability (7-9‰ 14 . However, it is worth noting that the Jingangku specimens have a much wider δ 13 C range and are more depleted in 13 C than graphite particles found in granulite grade metamorphic rocks 34, 44 , where isotopic homogenization is presumably stronger. The range and heterogeneity of the Jingangku δ 13 C values may record partial isotopic exchange during metamorphism 35 , and the lowest measured values (e.g., -35.9‰) are better approximations of primary δ 13 C values. If so, then the measured δ 13 C values may be stronger evidence for biological source than they appear.
• Jingangku graphite particles have complex origins It needs to be stressed that, although some irregular graphite particles in the Jingangku samples may be metamorphic or fragmentation products from circular graphite discs, it is unlikely that all of the graphite particles were derived from compressed vesicles. Indeed, carbonaceous extracts from unmetamorphosed fossiliferous rocks of younger age mainly consist of amorphous kerogen, and only a small fraction is represented by morphologically recognizable acritarchs. Nor is the carbon source of all Jingangku graphite particles biological. Petrographic evidence and Raman analyses discussed above suggest diverse origins of Jingangku graphite particles. It appears that the extracted graphite discs may have come from the clasts because of (1) the in-situ observation that some graphite particles in clasts are circular (Fig. 3E-H) , (2) the similarity between Raman spectra of clast-hosted graphite and extracted graphite discs, and (3) the possibility that quartzite clasts may provide a shield against shearing deformation. However, this issue cannot be unambiguously resolved because of the limited resolution of in-situ observation using light microscopy and the high concentration of matrix graphite. Thus, the Jingangku graphite particles may have complex origins, and we cannot conclusively disprove the possibility that both abiotic (e.g., decomposition of ferrous carbonate minerals or Fischer-Tropsch precipitation from CO 2 -CH 4 fluids catalyzed by Fe) and biotic processes may have contributed to the carbon source and morphology of the Jingangku graphite particles.
• It is worthwhile to explore highly metamorphosed rocks for signs of life
Despite the inconclusive nature of our interpretation, this study does suggest that, in our search for evidence of ancient life, more work should be directed to carbonaceous material even in highly metamorphosed rocks. Recent studies of Precambrian and Phanerozoic metamorphic rocks have recovered bona fide filamentous bacteria, organic-walled microfossils (e.g., leiospheres, acanthomorphic acritarchs, and chitinozoans), and possible paraconodonts from greenschist-amphibolite-, and gneiss-grade metamorphic rocks [17] [18] [19] . Thus, it is worthwhile to explore whether the taphonomic window for Archean life is wider than previously thought.
